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* ABSTRACT

Laboratory studies were conducted the spatial and spectral dis-

tribution of rocket plume radiance at simulated altitudes. Motors
LB

of 150 to 200 peunds thrust were operated at sea level and at pressures

P.C equivalent to approximately 50,000 and 1,-0,000 f . The propellant

combinations studied were gasoline/axygen, RP 1/oxygen, JP 4/oxygen,

UDMHN 0and aluminized solid propellant.4

A traversing rocket technique was employed which permitted simultaneous

observation of a number of radiometric and spectrometric properties of

a common area of the plume. The graphical presentations of these data

are interpreted on a qualitative and semi-quantitative basis.
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FOREWORD

These studies were conducted az The Boeing Company in the Thermal Radiation

Group of the Applied, Physics Section. Dr. J. W. Sutton, Senior Group Engineer,

was principal investigator for the program. Laboratory experimentation and

interpretation of the data vas performed by F. W. Cramer, R. R. Sexauer ard

- J. A. Hammond, Research Engineers, and J. Clson, Associate Engineer, all in

the Thermal Radiation Group. Rocket test operations at Boeing Jet Labor-atory

were conducted by R. K. Easter.
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1.0 INTRODUCTION

The utilization of the infrared radiation from rocket exhaust for the detection

and tracking cf n ssiles creates a requirement for a complete understanding of

the spatial and spectral distribution of the plume radiance. Ideally this

understandirg could come about by proper combination of theoretical know-ledge

of rocket exhaust expansion processes ana of appropriate radiation paxmeters.

A The theoretical model thus derived could then be verified by appropriate

measurements of actual missiles in flight.

This direct approach has not been satisfactorily accomplished, however, because

-of the complex nature of the radiation process from the missile in flight and

of difficulties of long-range infrared measurements in the atmosphere. The

field measurements -ive no information concerning infrared spatial distribu-

tion and only limited information on the true spectral distribution of the

source radiation. The basic studies of radiation from heated exhaust gases

"- represent the radiance of idealized sources which do not contain the effects

of gradients in gas density and gas velocities which occur in actual rissile

flight.

.5,'

-, The gap between the basic studies and field measurements should be filled by

investigation of plume radiance properties for small and large motors operated

* under controlled conditions. Programs in progr'ss include the use of a

* raiiation research burner to perform high temperature infrared emission and

absorption studies (Reference 1), wind tunnel studies of plume radiance of

s !a motors (Reference 2), and measurements of radiance in the Mach cone

region of plumes of large liquid-propellant motcrs (Reference 3).

.



In the present study motors of 150 to 200 pounds thrust were operated at

sea level and at reduced pressures equivalent to approximately 50,000 and

100,000 feet. The rocket motor for each of the studies was mounted on a

cart, which was traversed slowly through an altitude simulation tank.

II adiometric and spectrometric instruments were attached to ports on the

tank aligned to view a common area of the plume through infrared transmis-

sive windows. In this manner simultaneous observations were made of the

infrared spectral radiance, the total infrared radiance, visible spectra,

-' ultraviolet radiance, distribution of infrared radiance normal to the plume

axis, and the audio-modulation component of infrared radiance. Since small

motors were used it was feasible to study a variety of propellant systems,

which included gasoline--oxygen, JP h--oxygen, RP 1--oxygen, unsymmetrical

dimethylhydrazine--nitrogen tet-roxide and an aluminized solid propellant.

The data obtained have permitted us to develop a semi-quantative repre-

-*. sentation of rocket plume radiance properties, with respect to both spatial

and spectral character. Effects related to ambient pressure and propellant

combination were giv3n primary consideration.

Th- lImitations inherent in these data, due to the design of the experiment,

nuzt r-tainly be recognized. in performing the experiments air was allowed

to flow through the altitude simulation tank in order to assure afterburnig

in the plume. T' air flow was of course not sufficient to provide simula-

tin of the actual mixing conditions occurring in missile plumes in flight

under the quivalent altitude conditions. Effects related to the gas dynamics

,he oion of the nissile and its exhaust through the atmosphere were also

ra aE -nt in rhese tests.

-2-



A further limitation to the applicability of these experimental data arises

E ifrom the lack of a reliable scaling model for rocket exhaust radiation

processes. Consideration cf the data from the several experimental studies,

together with the best possible data on radiation from missiles in flight,

qshould provide the basis for such a scaling process. The required under-

standing of plume radiation processes in operational rcckets can thus be

achieved.

By extension of e techniques, further studies on laboratory motors can

deal with exo-ui or as yet undeveloped propellant systems to permit predic-

tion of radiation from exhaust plumes of rockets operatinp with these systems

-l under actual conditions.

-- 3



2.0 EXPERIMENTAL ILVESTTC'ATIOM OF PLUtE RADIATION

The primary activity in this prcram was the experimental investigation of

the spatial And spectral distribution of the radiation from rocket motor

plumes. A laboratory motor of nominal 150-pounds thrust burned the following

liquid propellant combinations: gasoline/oxygen, JP-h/oxygen, RP-l/oxygen,

and UDMH/N 2 0h. A 200-pound thrust aluminized solid-propellant motor was also

used.

'me experimental firings were conducted in a horizontal altitude chamber at

the Boeing, Jet Laboratories. 2est firings were made at sea level and at

pressures equivalent to altitudes of approximately 50,000 and 100,000 feet.

For all conditions there was air flow past tae nozzle to provide oxygen for

plu!e afterburning.

Through the use of ports and appropriate windows installed near one end of

the tank, radiation-measuring instruments were able to view the rocket plume.

In order to view the entire plume, the rocket motor was traversed past the

instrumentation ports. A schematic of the chamber and instrument installa-

tion is shown in FiFure 1.

The instrumentation used included a rapid-scan infrared spectrometer, a

total infrared radiometer, a scanning lead-sulfide radiometer, an ultraviolet,

radiometer, a cine-spectrograph, an audic-modulation radiometer and a pulse

camEra. The instruments were installed and boresighted to view a coincident

point on the plume centerline.

'More detailed Jiscussion of the experimental procedures is presented in the

succeedinf, paragraphs of this section.

K- ..
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2.1 ALTITUDE CIMBER FACILITY

The altitude facility consisted of a chamber 6 feet in diameter and 36 feet

long, connected to a two-stage steam ejector pumping system. The first stage

consisted of six 30-irch ejectors and eight 40-inch ejectors and the second

stage utilized four h8-inch ejectors. The ejector system has a capability

of maintaining steady state pressure equivalent to 100,000 feet with 2.0

pounds per second mass flow. For these tests the system was required to

handle only 1.3 pounds per second mass flow, composed of 0.5 pound per second

rocket motor exhaust products and 0.8 pound per second bleed air. A general

view of this facility is shown in Figure 2.

* iThe test chamber was modified by installation of an annular ring of ports

with windows near one end of the chamber. The radiation instrumentation was

installed at these ports and boresighted at the plume centerline. The instru-

mentation boresight and fields of view are shown in Figure 3. A cart, con-

taining the rocket motor, and a track were installed in the tank. A traversir

mechanism moved the cart longitudinally down the tank. A maximum separation

of 18 feet could be obtained between the motor nozzle and the instrumentation.

The cart traverse speed was 2/3 foot/sec for the sea level test condition and

1 1/2 feet/sec for the altitude test condition. The center of the motor nozzle

was located on and traversed down the chamber centerline.

>~2.2 RCC1ET MOTOR AND! CARZT

The research motor selected for these studies has a 45 L* chamber, a 0.45

inch diameter throat and an expansion ratio of 25. The nominal thrust of

the motor at 600 psia chamber pressure was 150 pounds. The combustion cham-

ber and throat were water cooled. The injector head was fuel cooled and the

-6-
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nozzle extension was a copper hcat sink type. The same motor was used for

hydrocarbon and amine propellant systems, except for different injector heads.

The motor was mounted on a cart as shown in Figure h. This cart contained

tanks of fuel, oxidizer and coolant, sufficient to operz.:e the rocket motor

for test runs up to 22 seconds. The cart operation w:is remotely controlled

from the control room. Pressures and flow rates of fuel and oxidizer Were

preset for each run.

In the hydrocarbon-oxygen tests it was intended that the mixture ratio should

be at the conventional fuel-rich level, with equivalence ratio (E.R.) equal

to 1.6. This value was not attained in all rums, since the fuel and oxidizer

flo7ws could not be changed during the run. The rcgulators that controlled

these flows were statically calibrated, but a slight shift in calibration

durinF- the dynamic operation resulted in pressure and equivalence ratio change.

The solid-propcllant motor used in these tests was manufactured by Thiokol.

T4t contained six pounds of propellant and burned for 6 seconds. The nominal

thrust of the motor at 500 psia was 200 pounds. The motor used a graphite

nozzle .6c -inch diameter at the throat and had an expansion ratio of 6. The

propellant formulation was a polyurethane base propellant identified as TPG

3013D, containing 13' aluminun. The motor is shown in Figure 52

The solid-propellant exhaus. products were:

Chemical Species Weight

cc 35.1
HC! 20.2
A 2C 3  2h.6
Co2  3.8
112 3 h, t1'20 h. 8

:" -"1'12 8.1

" -9-
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For these tests the solid motor was mounted on the cart in place of the

liquid motor. The sea level tests were conducted using one motor per test.

Because of the short motor burn time and long plume, it was necessary to

fire two motors in series to complete one altitude run.

2.3 TEST PROCEDURE

During a typical test run the following sequence of operations was performed:

1. Prepare the motor and cart assembly.

2. Position the motor nozzle exit Dlane 6 inches downstream from
the infrared viewing ports.

3. For altitude tests, start the appropriate steam ejectors and

stabilize the test chamber pressure.

I Turn on instrumentation (infrared and motor).

5. Start motor on condition (equivalence ratio - 1.6, chamber

pressure - 600 psia).

6. Cart traverse starts nutomatically when the chamber pressure
reaches preselected level.

7. At end of cart travel, stop motor.

8. Shut down instrumentation and facility.

This operating procedure was modified appropriately for hypergolic fuels

and for solid fuels.

The necessary rocket operation parameters were reccrded by the Jet Labora-

tory instrumentation rroup. Radiation measurements were monitored con-

tinuously and recorded in the Mobile Infrared Laboratory. Time-pulse

markers and intercommunication between the motor operation and infrared

laboratory areas sufficed to establish identifying markers for all events

and conditions.

-12-
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Rocket-operatii Parameters were reccrded continuously1, and oxidizer flow,

I ~ fuel flow, chamoer pressure. tirust, characzeriotic veiccity and test

rchamber pressure were calculated from thio. in:fcriraticn. All measurinr

devices were calibrat.ed a'-ai-st arz-_roDpriate st~incards at remular intervals.

2 .h RADIATION :: U~:T::Si-~~~I

Tc obtain -.he maximumi quant ity of useful data ccnc errin,- the spatial andi

spectral distri4but ion of th"e olune radiance, severa' spectrometric n

radiometric instriments -iere alii -nec; t;-o view a con-icn. area of the plume.

The spectral datua were tXen w-n a Perki n-,-lrer i:odel 10F Rapid Scan

Vonochrornator eauipped with Ca7 2 prism 'Figurc 6). The instrument was

opoeratLed at a rate of 1l" scans per second cver a wavelength interval 0f

91 ~ 1.2 to microns. The field of view w..as established by the monoobrcmator

entrance slit settingc. For a slit with of 0.2 mm the s-oectrometer field

of view at the rocket plumre centerline was 5-7 cm hi-h by 0 .llh cm wide.

Thle otical collec-uinF- system for the monochromiatCor was a :Nevtonian type

telescope with an '0 rim diameter, _L, ofCf-axis- Darabo.Lold arid 267 irn, focal

length. The telescope was focused to image the p~lume centerline at the

ntrace litof-he monochromator. Alead 3elluride det-ector wns used,

mounted horizontally in a styrofoan reser-voir fillied with liquid nitrof-en.

Ai. off 7-axis ellirsoid mirror with a six-tc-cne reduction in ima,-e size was

used to focus t~le ima -e cf -zhe spectromet:[er exit slit on the detector.

nhe wavelenrt- scar indicator of t:,e ir trument was modi-fied in the follow-

moF- manner in order to increase its readout accuracy. The sine wave renerator

on nes~±ftofthe nutatinr- mi rror was reznlacedI with- a -isk containinF- 20
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slots. This disk interrupted a light beam between a photodiode and a small

light bulb, generating a pulse each time the slot appeared between the light

and the diode. Consequently, a pulse was generated each 18 degrees of nutat-

ing mirror rotation. Since the scan is generated by the rotation of the

nutating mirror, each pulse from the diode therefore corresponds to a specific

wavelength. The observed resolution was 0.05 microns at 2.7 microns for a

slit width of 0.2 mm.

The output of the spectrometer detector was amplified by a pre-amlifier in

the instrument and then was transmitted to the trailer laboratory for further

amplification and recording. During runs the signal was monitored with an

oscilloscope to permit amplifier gain changes as required for recording the

wide range of spectral radiances achieved in -Ghe experiments.

Total infrared radiation measurements were made with a Barnes Radiometer

Model R-PBl (modified) utilizing- a 2.5 x 10 mm Barnes t!Mermistor bolometer

detector. The instrument field of view at the plume centerline was 8.25 cm

in height by 2.06 cm in width. The instrument spectral response was limited

at the long wavelenth end to 5-5 microns by using a sapphire window. The

short wavelength limit was 0.7 microns or 1.2 microns where a silicon

7: filter was used, as indicated in the appropriate -raphs. Using the silicon

filter made the spectral response of this instrument equivalent to that of

the rapid-scan monochromn.tor. The eight-inch optical system was removed and

replaced with an P0 mm diameter, 235 mmn effective focal length Cassegrainian

system. This change was made because the Barnes '-inch optics could not be

focused at the short plume-to-instrument distance without extensive modifi-

cations, and a shorter focal length system was desired to increase the instru-

-15-
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ment field of ie:. For this measurerEnt prom-ran the entrance aperture was

baffled down tc some fraction of the availa-.le apetrure because the inensity

of the radiation from the plire would otherise overdrive -he radiometer.

Lateral plume measuremen;s were made with a locally-built radiometer using

a 0.5 x 0.5 mm Kodak Ektron detector. A Casserrainian optical system, with

an '0 mm diameter primary and 235 mm focal length, was .ased as a collector.

The input was chopped at 160 cycles per seccnd with the detector output fed

into a preamplifier in the unit. The radiometer was mounted on a frame

toFether with an oscillating plane mirror and drive motor (Fig. 8). The

instantaneous fieli of view at the tank centerline was 5 x 5 mm. The oscilia-

tion of the mirror swept this field of view laterally across l9 inches on

either side of the tank centerline. A linear potentiometer in the mirror

drive gave a sinusoidal position signal. With the 1 rpe motor used the

instrument made 2 scans per second acrcss the plume.

To provide some -eneral inforiation about trends and levels in ultraviolet

radiation, a simple radiiometer was constructed w..ich utilized a phototabe
(iCA c35) and a broadband ultraviolet filter (Corninw "-S)). The spectral

response of thiLs combination p-aked at 0.3h micron with half sensitivity

points at C.26 and 0.3' nicron (Figure c). :o colLectinr optics were used

in this inst.rtr'ent. The field of view, defined by the recnetry of t:.e photo-

tube and a .!lotted aperture placed near the quartz winrdo, was 6.7 x 2 .6

centimeters at the tect chamber cenzerlire. -'he radiation was choped at

90 cycles to allow A' amplification.

'he aud.o -.o-i. !tion radiation meas.re-ients cf the ilInc were nade with a

Sc~aL.-v.'!t. instrument which uzei a L.O x 1 .0 mm :odax Ektrcn ioad sulfide

-17-
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detector. No optics were used. The field of view, governed by baffles, was

a 55 cm diameter circle at the plume centerline. The incoming radiation

incident upon the detector was not chopped. The D.C. output from the instru-

ment was amplified and recorded on an F.M. tape recorder.

The altitude chamber vibration at the instrumentation location was measured

" with an accelerometer and recorded on the second channel of the tape recorder.

Spectral coverage in the visible was provided by a Boeing-constructed cine-

spectrograph (Figure 10), capable of frame rates ranging from 12 spectra per

second to 6h, spectra per second- The instrument utilized a 600 line/millimeter

Bausch and Lomb replica transmission grating blazed at 0.55 micron in the

first order. Glass achromats were used for the collimating and collecting

lenses. A 16 mm 3olex motion picture camera recorded the spectra. The com-

bined system operated at f/h.5. The resolution was limited by film size but

was sufficient to separate the mercury yellow doublet. The Plus-X film used

in these experiments and the geometry of the instrument limited the spectral

response to 0.43 to 0.65 micron. The glass optics and spectral response of

the film eliminated the second order ultraviolet.

The cine-spectrograph was placed at one of the lower ports, with its slit

- focused on the plume centerline. All lenses were normally operated wide

'S. open. Fxposure was controlled by adjusting the camera frame rate, and thus

its shutter speed. Selected spectra were processed with a Jarrell-Ash micro-

densitometer to provide two or three plots of relative intensity versus wave-

lenFth for each test. It should be noted that the visible spectra can only be

compared between conditions during the same test run. Exposure and film pro-

cessing differences prohibit the comparison of relative intensity between

different runs.

-20-
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The signals from the total radiometer and the ultraviolet radiometer were

recorded on a h-channel Sanborn recorder, operated at a paper speed of 25 mm

per second. Pulse marker channels recorded a tie base, data marks to corre-

late motor conditions and position, pulse camera markers and total radiometer

attenuation. After the earlier tests were completed, cart position was also

recorded here. A sample data trace is shown in Figure 11.

Cart position was obtained from a ten-turn Helipot coupled directly to a

pulley shaft of the cart drive system. The signal was calibrated for cart

position and recorded on the Sanborn recorder.

A Consolidated Engineering oscillograph, operated at 152 cm per second,

t Kprovided the high frequency capability required to record the rapid scan

spectrometer signal and wavelength markers. The scanning radiometer signal

and position indication were also placed on this oscillograph. An event

marker channel was used to indicate scanning radiometer gain changes. Data

correlation was provided by the data marker and the pulse camera marker.

Figure 7 shows a sample data trace.

To align the instruments, a 100 watt, clear projection lamp was set-up

inside the tank with the lamp filament aligned with the rocket motor center-

line directly in the center of the opposing windows.

The monochromator was aligned by moving it until the image of the lamp fila-

ment was centered on the entrance slit. At the same time the illumination

centering was checked by inserting an aperture in the window and on the

paraboloid. The radiometers were equipped with bore-sirht tools for align-

ment purposes. This alignment was checked immediately prior to each run.
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With each instrument aligned on the lamp filament, the centers of each instru-

ment field of view coincided as shown in Figure 3.

The plume properties in the visible region were recorded for some of the runs

with a 35 mm pulse camera. Boresight alignment pictures were also made to

assist in correlation of the photographic observations with the radiometer

fields of view.

The optical path between the detector and altitude chamber window in the rapid-

scar monochromator was purged with dry nitrogen in order to eliminate the

atmospheric absorption in the H20 and 02 bands. Complete elimination of

these absorption oands was not possible since the optical path between the

chamber window and the plume could not be purged.

2.5 DATA REDUCTION

The raw monochromator data were presented as a series of spectra traced on

the oscillograph chart as shown in the sample trace in Figure 7. The scan

repetition rate was 1' scans per second; however, half of these were elimi-

nated because only the forward (increasing wavelength) scan was calibrated

due tc the apparently lower quality, and loer instrtuent transmission found

in the ackward scan. Further spectra were eliminated by inspection due to

obviously high radiation noise caused by fluctuatiors inherent in the motor.

Spurious structure can be identified by its lack of bcan-tc-scan correlation

in wavelength location, using hand-sketched overlays were necessary. Typical

spectra were then chosen at three or more locations down the plume.

Having selected a spectrum for reduction, the cart deflections (Dv) were

picked off for a series of predetermined wavelengths (marker positions)

-24-L. l



and at a few other points as required to show structure. The deflection,

divided by te galvanometer sensitivity (i) and the overall system gain (G),

yielded the detector signal output (V\):

DX

VX=KG

The detector signal was multiplied by the spectral radiance calibration

factor (C,) to obtain the spectral radiance of the source (Nh) in watts/cm2 -

steradian-micron.

NX CxVX

The spectrum was then ploted as . versus the wavelength, obtained from the

wavelength calibration curve.

The various radiometers measure radiant flux from the plume in their respec-

tive spectral bandpass regions, represented by an electrical output signal,

Vs. The radiance of the target for each measurement was calculated from the

relation:

VS
'T = R Aowr

in which R = responsivity of the detector

Ao = entrance aperture

Wr = anrular field of detector

This latter ouantity is riven by:

= AD

in which AD = area of detector

= focal len,-th of optical system
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This basic equation was uLed to reduce all radiometer data (with the exception

of the ultraviolet radiometer) asinr measured values of the respective factors.

For the ultraviolet radiometer effective radiance at the peak response of the

system was determined, using the effective responsivit% of tthe detector at

0.34 microns.

' 2.6 CALIBRATI0C! TECHI2.FIUS

The reference standards for calibration of the various instruments included

a Barnes :-odel 11--.31 ?lacKbody Radiation Reference Source, a high-temperature

laboratory furnace wit.i a wedge insert, a:d a calibrated tungsten ribbon fila-

ment lamp. The calibraticns were renerally rrade with the instruments at the

* iJet Laboratory and repeated several times at intervals durini- the test series.

(I The rapid scan spectrometer was calibrated using the furnace, into which an

oxidized stainless steel 15-degree wedge was inserted. This arrangement

gives an emissivity of at least 0.95. The furnace was operated near 1000C,

I the precise value being established with a calibrated optical pyrometer.

The furnace itself was mounted on the tank adjacent to the spectrometer with

a plane mirror in front of th1e spectrometer w.ien calibration runs were to be

made, as shown in Figure 12. The distance from the furnace opening to the

primary mirror of the collectin optics was adjusted to match the distance

to the centerline of the rocket plum.

The wavelength calibration curve of the spectrometer was determined through

the use of a series of calibrated absorption filters, including polystyrene,

Lucite and other plastics. These filters were inserted, one after another,

-26.-
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at the entrance slit of the spectrometer while it was vievinp the blackbody

source. Cormarison of the known positions of absorption bands with the

wavelenrth markers established a curve like that shown in Figure 13.

.;or the ir-ensit.v ^aliIration an observation was made of the blackbody at

a measured temperature. The indicated deflection on the oscillograph record

- was compared point-by-point to the spectral radiant Dower calculated from

-e lanck equation. The resultin- ratios provided a corresponding series

cf calibration factors as a function of wavelength, as shown in Figure 13.

The data from the experimental runs were then converted directly to soectral

ra-iance, with no need for separate calibration of tha nonlinearities within

1 he spectrometer. This calibration was performed after every three or four

runs,depending" on the time interval between runs.

i The infrared radiometers vere all calibrated against the :3ares Blackbody

- .Radiation eference Source. Each instrument was calibrated at a minimum of

three temperatures between 7000 and 10000C, and at several aperture sizes.

A calibration plot was made of signal voltage versus radiant flux entering

the radiometer; the slope of the resultinF line was taken as the responsivity.

Since relative values were used for the radiance contours, an absolute energy

;" calibration was not necessary for the scanning radiometer. A strip with elec-
.%.

.: trically heated nichrome wires moumted at 3-inch intervals was used to cali-

brate the mirror position. This strip was lined up in the test chamber per-

pendicular to the plume centerline. Scanning tne radiometer across this

device produced a series of pulses, corresponding to known distances from

the centerline, which were recorded on the oscilloeraph along with the posi-

tion signal. A terpicte made from tL record was used to obtain lateral

positions for subsequent test runs.

-28-
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I .ThTe 'il4[rpv4olet radiometer was calibrated in tents of effective po-wer at the

peak spectral respornse of The Ji-istrmien. -he standard used was a tunrsten

r ib,-ocn fil 1a,-ie n T 'arn: calibrated by -u'e :.atiornal B ureau of Stardards (..G'. U-71).

The cine-spectrograph was :alibrated in wavelength against a mercuxy I-amp at

severa. tes during the test Drorram. oigiiathitweened !o

intensity cal~bration was made.

:n. relatinr these respective z7a..abz--icrs to the rocket radiation measuren~ents

in the attude tank, exper-frental-,,, measured transm-issi4or factors were used

to correct for absorption losses in th-e saDohire and -uartz windows. Atinos-

Dheric rbsorption losses were rnot estimated, because of their Fenerally sm-all

effcti-this experimEntal arrangement and of the d-fiut ofarvng at

* valie values.

* Cnly preliminary quick--l.'A data red uction for the audio-modulatior. cf the

raditio wasperorn -. -his consist-ed of t.a-*ing two-second sections of

the tape, from selected Dotosc-, the 'lest run, and processincg ther. in a

half-octave audio an~alyzer. The frequency response of .. e analyzer was from

20 ~ ~ ~ ~ 4 to 1000cce n t upt was :lIotted by ar. x-y plotter. Test cin-

ber vibration data were analyzed similarly.
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3.0 ?-J- E RAHIATION CHA STEPSCS

The expermertal measurements of rocket olume radiation for laboratory motors

yielded a larr-e quantity of data. The total infrared radiaiice was presented

as a function of position alonr the plume axis, from the nozzle exit plane

for a maximlm distance of 1, feet. The ultraviolet radiance was recorded

simultaneously.

F'iteen spectral scars per second were recorded for the..l.C to . micron

regior. Visible spectra were recorded usin a cinespectro,7raph, and the

visible pattern of the A!me was recorded with a pulse camera. Ar approxi-

mate contour map of -he plume in t-e l.' to 2.7 micron region was derived

from a lateral scanning radiometer. A prel-iinary survey of audionodulation

in the pli-ne radiarce of some of the motors was made with a simle lead

su'i de radiometer.

These ocse-vations were rLde fo-" thv several pr-poellant ccr.binations, a- sea

level and at sinmuated altitudes of approxinately .0,t).D a-n l00,0C. feet.

Cn examination of the data it was readily apparent that tne mass of detail

would be of little practical value to any potential user. Accordingly the

investigato-rs have taken the liberty of examining tne data for general

implications, and attemptin- a iudicicu: selec:tion of represen-ai:ve ruins.

The discussions which follow are thius neither a composite nor any sort of
averare. Each run whioh has been selected a.. representat-ve is reported in

its entirety, and a narrative accountin.- of :.e radiance nnara.cteristics is

presented. -eneral obser-vations and inf'erences are presented in The same

discussions.
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3.). PLUME RADIATION DATA FOR GASOLINE-OXYGEN

The propellant jystem investigated in greatest detail was gasoline-oxygen.

Preliminary measuremcnts of radLation data were made during the motor and

traversing technique development trials. Subsequently a total of twelve

runs were made with gasoline--oxygen--six at sea level, Three at approximately

50,000 feet and three at approximately 100,000 feet. One run has been

selecttd for each of these altitudes as being representative of the data

obtained.

The experimental data for gasoline-oxygen at sea level are shown in the

1;'X

several parts of Figure 14. The brightness distribution along the axis of

the plume is shown in the total radiance curve in the 0.6 to 5.5 micron

region. The successive shock-compressed regions are clearly defined in this

curve, with the maximum level of radiation being attained from the fourth to

sixth shock diamonds. A similar position of the maximum in ultraviolet

radiance is shown in this curve. Comparison of the plume radiance contour

curves with the photograph shows that the visible radiation falls below

photographic sensitivity at the position where the infrared radiance is

approximately 25 percent of its maximum value. The total radiance curve

shows appreciable infrared radiance at a distance twice the photographic

length ol the plume.

The spectral radiance curves provide some insight into the origin of these

various facts, which is substantiated by consideration of the data from the

-ubsequent runs. In the region immediately behind the nozzle. the radiance

shows a strong contiuum, as a result of scattered radiation from the free

carbon particles in the plume. This scattered radiation is probably also

X., -32-
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augmented by the continuum radiation of high temperature air (Referee ),

which occurs as a rcsult of the entrainment of air in the exhaust gases.

in the region of maximum plume radiance the contribution of the continuum

ra iiation is still sigrificant, but the b&nd contributions of the molecular

specics--CC, CO2 and H2C--are becoming more ev .dent. At greater distances
.'1'

from the nozzle the continuum radiation contribution disappears and the

spectrum is onc characteristic of the molecular radiators only.

The microdensitometer traces of the visible spectra show few distinctive

features. NaD-line appears ccnsistently in our spectra. Bands in the 5,000

anFstrom region characteristic of hydrocarbon flames were also found con-

sis ently. The resolution of the cine-spectrograph was found to be lower

in the test environment than in the laboratory evaluation, probably due to

the hirh sensitivity of the grating device to mechanical vibrations.

The data for _.'.ne-oxygen at 52,000 feet, shown in Figure 15, permit the

extcnsion cf these observations into regions in which the mixing with the

air is less significant in its effects. The total radiance curve shows the

gradual buildup with the successive shock compressions. The radiance level

in this region is approximately 30 percent of the maximum region at sea

level. The total radiating area is somewhat greater than at sea level, so

that the inte-rated plume radiant intensity Ls probably more than 50 percent

of the sea level value. The buildup in infrared radiance beyond 10 feet from

the nozzle in the measurement at 52,000 foot altitude may be spurious, aris-

inr fron faulty control of flow in the fuel and oxidizer supply system. The

ultraviolet radiance also reaches a maximum value at the same region in the
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shock compression pattern. However, it is to be noted that the max'-mum value

attained is only n percent of that in the sea level run. Comparison of the

infrared radiance contours with the plume photograph arain shows tnat the

visible radiation boundary-corresponds to between 25 and %C percent of the

maximu-m infrared radiance value. Thus at least 25 percent of the infrared

contribution comes from zones outside the regioi. shown by the visible photo-

graph of the plume.

Infrared spectrometer traces less than 2 feet from the nozzle were generally

indistinguishable from the background noise. The region of maximum infrarec

radiance aFain shows the continuum contribution, presumably due to both carbon

and contribution from the heated air. Beyond the region of maximum radiance,

for example at 8.4 feet from the nozzle, the dominant contributions of the

molecular species are again evident.

The measurements at 97,000 feet, shown in Figure 16, probably represent the

ultimate capability of this facility for motors of 150 pound thrust level.

The total radiance curve has apparently leveled off to its maximum value

only 2 feet before the available traverse distance is reached. The lateral

scanning radiometer indicates 25 percent of maximum radiance values for a

width of some 4 feet at this position; some impingement of the plume gases

on the tank walls is likely to occur since the duct is only 6 feet in diam-

eter. The maximum ultraviolet radiance has dropped to less than one percent

of its sea level value, since it was noL detectable with the present instru-

ment at the rain levels being eaployed in the experiment.

Continuum radiation is not evident in any of the spectrometer traces. The

level of spectral intensity in the 2.7 and 4.3 micron regions, however, does

-34-
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not differ too rreatly from the levels observed in the region of maximum

radiance at sea level and at intermediate altitude. The plume radiance in

this altitude regime is probably stror4ly dependent on Faseous afterburning

reactions, so that the major contributors to the spectral radiation consist

of the H20, CC2 and CO.

IT
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3.2 PLIE RADIATI." DATA FOR 'P 1-OXYG'N AID JP h-Ox-YGEN

PropcIlant systems utilizing keros -ne-oxygen rather than gasoline-oxygen

were investigated through the use of JP-h and RP-I as fuels. The plume

radiation data for selected representative runs are shown in Figures 17

through 21.

The sea level data for RP 1-oxygen shown in Figure 17 are hardly distinguish-

able from the sea level data for Casoline-oxygen. The data for JP h-oxygen

in Figure 20 are likewise very similar to those for gasoline-oxygen. The

slightly lcwer maximum value in total radiance and ultraviolet radiance for

the kerosene-oxygen systems is attributed to the fact that the equivalence

ratio is slightly ±ower. With the leaner mixture less contribution occurs

from afterburning in the plume.

The plume radiation data for the altitde runs with kerosene-oxygen systems

are similarly indistinguishable from those with gasoline-oxygen. The some-

what loter values of total radiance and ultraviolet radiance shown 4'or RP 1-

oxygen at 52,000 feet are not explained, in that the data at 8L,O00 feet

arain coincide with those for the other hydrocarbon-oxygen systems.

From these data for the several hydrocarbon-ox en systems it appears that

the degree of saturation in the hydrocarbon ±iquid fuel does not signifi-

cantly affect the plume radiance properties.

The noteworthy features observed in all of the high altitude runs with

hydrocarbun-oxygen systems were the position of the maximum in both ultra-

violet and total radiance, and the shift in spectral. character as the

observations proceed from near the nozzle to positions well removed from

-.7- .



the nozzle. The maximum radiance levels were found to be attained at a

distance sorr 'C to 100 nozzle elariiters removed from the exit plane of

the rocket for altitudes of F0,000 to 97,000 feet. These levels of maxim~i

radiance must be many times greater than the 'Mach cone radiance, as evi-

denced by the fact that cur instrumentation at no time recorded radiation

of appreciable value in the Mach -one region.

The transition in spectral character downstream along the plume axis con-

sists of a shift from spectra in which there is appreciable continuum radia-

tion to spectra in which the molecular radiators dominate.. The continuum

radiation o-curs mai-nly in the region in which the radiation values are

building up, six to ten feet from the nozzle, beyond which the shift to

molecular band radiation occurs. For altitudes near 100,000 feet it can be

esti'2ted that narrow Land radiometers accepting radiation only near 2.7 or

h.3 microns should receive at least five times as much radiation from the

zone 1' feet from the nozzle as from points at some 9 feet fron. the nozzle.

in the highest altitude runs with JP h-oxygen and RP-l-oxygen appropriate

Fain changes were made for the ultraviolet radiometer so that radiance values

were recorded. The maximum radiance levels in the ultraviolet were found to

be 50- to 100-fold lcer for the 80,000 to 100)000 foot altitude region than

for 'he sea level measurements. The magnitude of this reduction is considered

to indicate that the ultraviolet plume radiance originates nearly entirely in

chemilturinescent processes accompanying the aiterburning reactions. Long-

ranpe measurements of ultraviolet plume radiant intensity should be inter-

K preted only with great caution, since in all likelihood nearly the entire

quantity of ultraviolet radiation will originate at positions well removed

from the nozzle of the rocket.
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3.3 PLUME RADIATION DATA FOR UDMH-N20 h

Five runs were attempted with the propellant system unsymmetrical dimethyl-

hydrazine-nitrogen tetroxide, but useful data were R ined from only one of

these runs. In each of the other rurs motor failux occurred due to attack

of these constituents on the structure of the rocket unde.- the operating

conditions which were employed. In this one sea level run, shown in Figure

223 the total plume radiance was three- to four-fold lower than :or the

hydrocarbon-oxygen systems at sea level.

The infrared spectra for the UDMH-N204 show no contribution of continuum,

as should be expected from the nature cf the exhaust products of this system.

The radiance values in the 2.7 and 4.3 micron regions do not differ greatly

from those obtained with the hydrocarbon-oxygen rocket under comparable

operating conditions. Due to the apparent significance of afterburning in

establishing the strong molecular radiation contributions in the hydrocarbon-

oxygen systems at altitude, it would be dangerous to assume that this same

comparison would be applicable for altitude operation of the UDMH-N204 system.

Due to the plume composition afterburning can make little if any contribution

to the high altitude radiation source.
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3.4 PLUME RADIATION DATA FOR ALUMINIED SOLID PROPELLANT

Observations of plume radiance were made for aluminized solid propellant

rockets at sea level and at 87,000 feet. A moification of the standard

CP test motor was supplied by Thiokol which provided approximately 200

pounds thrust at constant chamber pressure for a period of 7 seconds. The

sea level measurements were made during a traverse of one rocket motor.

in order to survey the plume at altitude it was necessary to traverse two

motors in sequence.

At sea level the total infrared plume radiance was observed to be some three

fold lower than for the liquid propellant motors, although the liquid motors

were operatin at a somewhat lower thrust level than the solid propellant

motors. The ultraviolet radiance curve shows two maxima for the solid pro-

pellant exhaust. The first of these maxima, occurring essentially at the

nozzle exit plane, is attributed to the stronE scattering power of the

- alumina particles in the exhaust for the short wavelength radiation. The

second an somewhat weaker maximum coircides with the maximum in infrared

radiance and may therefore be ascribed to the chemilumnescent processes

accompanying the afterburning reactions, present in the solid exhaust plume

as in those of hydrocarbon-oxygen rockets.

The infrared spectral radiance curves show a smaller contribution of con-

tinuum radiation for the solid propellant rocket than for the several liquid

propellant rockets in the hydrocarbon-oxygen systems. The continuum radia-

tion contribution in the 1 to 3 micron region is largely missing in the solid

propellant exhaust. Two factors may be cited to account for tis difference.

The carbon particles in the hydrocarbon exhaust may be of a greater diameter

i -70-
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AP

than tie alumina particles in the solid propellant axhaust, and therefore

have a greater scattering contribution in the near infrared region. Tne

somewhat lcwer temperature at the nozzle exhaust plane for the solid pro-

pellant rocket may combine with a different gas flow situation in this exhaust

to prevent the occurrence of the continuum radiation from high temperature

air due to entrainment in the exhaust.

The band radiation in the 2.7 and h.3 micron regions has essentially the

same maximum levels as for the liquid propellant not ors which were studied.

The visible spectra from the solid fuel motor also shows the strong influ-

eiie of the scattering power of the alumina particles, in that the early

part of the plume shows primarily the continuum radiation extending to very

P short wavelengths with little evidence of line contribution. The strong

contribution of the NaD line is apparent in all of the visible spectra,

although sodiim is present only as an impurity in this propellant composi-

tion.

The solid propellant exhaust at 17,000 feet presents a much more uniform
spal al distribution than does the liquid propellant plume. The total infra-

red radiance attains a reasonably constant value some 3 to 4 feet from the

nozzle and maintains this level as far as 1 feet from the nozzle. Measure-

ments did not extend beyond this point since this was the maximum traverse

distance in the altitude tank being employed.

The ultraviolet radiance at altitude is again found to be diminished to

sme 2 percent of the sea level values. The gradually diminishing value

-for the solid propellant exhaust as the position is removed from the nozzle

-7"-



exit plane indicates That the contribution due to scattered radiation domi-

nates with respect to the contribution from cnemilurinescent processes in

s the exhaust.

The infrared spectral curves again s'now ccntribution of continuum radiation

only in the 1 to 2 micron region. As in the sea level measurements the band

contributiont, in the 2.7 and h.3 micron regions are found to be not -reatly

different from those in the hydrocarbon-oxygen rocket exhaust. if any differ-

ence exists it is that the level of radiation in these bands -s sligitly lower

for the solid propellant exhaust than for the hydrocarbon-oxygen exhaust,

ialthough the thrust level was some 21 percent treater for the solid propellant

rockets.

The visible plume spectra show the line contributions of the various metal

species present in the solid propellant exhaust. It should be noted that

this spectrum, which might be considered tc have signature characteristics,

does occur in the region near the nozzle. The stronr contrioutions to N'--ole

spectrum in the liquid propellant exhaust were found to occur consistently

in the afterburning region, well removed from the nozzle plane.

The photograph of the high altitude solid rocket plume presents an interesting,

if imexplained, view. The directed flow of the alumina particles is some-

IV what altered by the gas shock pattern impressed on it. The first compression

effect is obse-ved only 1.0 foot from the nozzles, as compared with a spacing

of 1.5 feet in the liquid motor plumes under comparable ccnr.itions. The

total effect of particle cooling and reheating due to gas ;onpression and

dafterburning is to yield a gradually diminishinre visibLe radiation pattern.
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3.5 AUDICMODUIATION OF PLUME RADIANCE

Preliminary observations of the audiomodulation in the infrared radiance

of the plumes were made for the hydrocarbon-oxygen rockets. The signifi-

cance of the data obtained is limited, due to the rudimentary design of the

modulation radiometer and the half-octave bandwidth analyzer utilized in

reduction of the data.

For the sea level runs the modulation peaked in the 37 to 75 cycle region,

and then decreased regularly to zero at 1000 cycles. In some of the runs

a secondary weak maximum was observed between 150 and 212 cycles. Similar

observations were made for the altitude runs, except that the secondary peak

between 150 and 212 cycles was consistently present and more pronounced than

at sea level. The spatial region showing maximum audiomodulation corre-

sponded to the area from which the infrared radiance itself was the greatest.

The vibrations of the altitude chamber were continuously monitored and

recorded on a parallel channel. The peak in tank vibrations was centered

between 850 and 1200 cycles, with a rapid decrease in power on either side

of the peak. These frequencies are well-removed from the data observed for

the modulaiion of the infrared radiance.

Several improvements will be made in the instrumentation before attempting

further studies of this type. The D.C. level will be recorded by division

of the detector signal, so that the percent modulation can be determined as

a function of audio frequency. A narrower bandpass analysia will be per-

formed, utilizing a bandwidth which is costant in frequency ircrement. In

this manner narrow spikes in the noise pcwer spectrum may be located, and

their dependence on operating parameters can be determined.
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l4.0 SUokARY

The major observations from plume radiance studies of laboratory motors are

summarized below:

i. The zone of maximum plume radiance for the hydrocarbon-oxygen propellant

combinations rapidly recedes from the nozzle region with increasing alti-

tude. At pressures equivalent to 80,000 to 100,000 feet the naximum

value was observed in an elongated source, centered some M0 to 100 nozzle

diameters downstream.

2. The maximum radiance in this zone is decreased to some 30 percent of the

maximum at sea level. The increased radiating area serves to compensate

for the reduced radiance, so that the radiant intensity is at least 50

*percent of the sea level value.

3. At altitude the infrared radiance in the region near the nozzle is at

'V least an order of magnitude lower than in the bright-er zone.

h 4. The infrared sppctra of hydrocarbon-oxygen exhaust show strong influence

of continuum contribution near the nozzle at sea level and in the maximum

W radiance zone at altitude. For sotae distance beyond this zone the band

. ~ radiations in 2.7 and 4.3 micron regions are maintained at uniform or

increased intensity.

5. The maximum values of ultraviolet radiance in hydrocarbon-oxygen exhaust

N" ' are found in the same zones as the maximum in infrared. The ultraviolet

V radiance decreases rapidly with altitude; the maximum value near 100,000

rfeet was fo-"d to be 1 to 2 percent of the sea level value.
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6. The radiation characteristics of kerosene-oxygen systems (JP 4 and RP 1)

are not detectably different from those of gasoline-oxygen.

7. At sea level the spectral characteristics for the UDMH-N 2 04 propellant

combination are markedly different from those of hydrocarbon-oxygen

systems. The continuum contributions do not appear. The 2.7 and 4.3

micron band radiations correspond in intensity to those in the hyd-ro-

carbon-oxygen exhaust at sea level.

8. The spectral distribution of infrared radiation from aluminized solid

propellant motors is surprisingly similar to that for hydrocarbon-oxygen

exhaust. The scattering properties of the alumina particles show a

different wvelength dependence from that of the carbon particles in

the 1 to 3 micron range.

9. The spatial distribution of radiance in the solid propellant exhaust

at altitude is grossly different from the hydrocarbon-oxygen exhaust.

A mo.-e nearly uniform level of infrared radiance is found for the

entire length of the observed plume in the solid exhaust.
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